1. Introduction {#section0005}
===============

Viral vectors are increasingly being used as a vaccine delivery system. Advantages of the use of viral vectors include their ability to carry genes encoding for multiple antigens and the ability to infect cells thereby stimulating both the humoral and cellular arm of the immune system [@bib1].

Poxviruses comprise a large family of dsDNA viruses that replicate in the cytoplasm and are capable of infecting a broad range of animal species. Recombinant canarypox virus ALVAC replication is limited to avian hosts. ALVAC-vectored vaccines encoding for viral [@bib1], [@bib2] or tumor antigens [@bib3], [@bib4], [@bib5] have been administered to humans and have been shown to be safe and immunogenic. ALVAC can accommodate a large number of exogenous genes because of its large dsDNA genome and specific humoral and cellular immune responses can be raised against their products [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13].

Besides its antigen delivery function, ALVAC also possesses potent adjuvant activities, however the mechanisms involved in immunopotentiation by ALVAC are not well understood [@bib14]. We have previously shown that ALVAC enhanced both Th1 humoral and cellular immune responses to co-injected protein antigens in a mouse model. Precisely, ALVAC increased the levels of antigen-specific IgG~2a~ antibodies and the number of IFNγ secreting cells in response to co-injected cytomegalovirus (CMV) gB or Human Immunodeficiency Virus (HIV) Tat protein antigens, compared to antigen alone. The adjuvant effect of ALVAC was dependent on the presence of IFNγ produced by natural killer (NK) cells [@bib15]. Neutrophil infiltration at the ALVAC injection site was demonstrated by Boudet et al. also suggesting that ALVAC induces pro-inflammatory mechanisms [@bib14].

Although full replication of canarypox virus is restricted to avian species, mammalian cells can be infected and viral as well as exogenous protein expression can be detected as early as one hour post-infection [@bib16]. Both murine and human cells of the myeloid lineage, particularly immature MDDCs, are readily infected by ALVAC resulting in maturation of these cells [@bib17], [@bib18], [@bib19]. In the present study we also observed DC partial maturation following ALVAC infection of immature MDDCs. Given the key role played by DCs in the orientation and initiation of acquired immune response, particularly priming of naïve T cells, the ability of ALVAC to potentially deliver foreign antigens directly to these potent antigen-presenting-cells (APC) increases its attractiveness as a vaccine vector.

Although immunogenic for some indications such as CMV pp65 [@bib20], limitations in the immunogenicity of ALVAC have been reported in other models such as HIV, as defined by the number of cytotoxic T cells against the encoded antigens [@bib21], [@bib22], [@bib23], [@bib24]. Delivered intramuscularly, ALVAC induced inconsistent antigen-specific cytotoxic T-cell responses (HIV) in only about one third of the volunteers [@bib6], [@bib7], [@bib9], [@bib10].

A better understanding of the molecular mechanisms of action of ALVAC would provide insight into how to enhance its efficacy for future vaccine development. The current study aimed at identifying the pattern of gene expression in human immature dendritic cells (DC) upon ALVAC infection by microarray technology.

Comparing the gene signatures of ALVAC treated and non-treated MDDCs revealed a number of pertinent up-regulated genes belonging to families of genes such as cytokines, transcriptional regulators, RNA helicases, ubiquitination and ISGylation, anti-viral-, nuclease- and antigen-processing genes. The majority of the genes up-regulated following ALVAC infection was involved in the type I IFN pathway. In contrast, genes involved in the NF-κB signaling pathway (leading to the production of pro-inflammatory cytokines) were not up-regulated. The gene encoding for the chemokine CXCL10, a direct target of the transcription factor IRF3, was up-regulated in response to ALVAC. CXCL10 protein secretion in the supernatants of ALVAC infected DCs was confirmed by ELISA. The expression of a number of known interferon responsive genes such as IRF7, RIG-1 and MDA-5 as well as anti-viral genes like OAS, Mx, ISG15, and PKR were enhanced in human MDDCs cells following ALVAC infection. In this study, we focused on the ISG15 gene in view of increasing evidence suggesting its role in the regulation of immune responses [@bib25], [@bib26], [@bib27], [@bib28], [@bib29]. The induction of the free form of ISG15 in human MDDCs was confirmed by Western blot analysis. These results support the hypothesis that ALVAC activates IFR3 and IFR7 mediated induction of the type I IFN signaling cascade through a cytosolic pattern-recognition receptor (PRR) sensing dsDNA viruses, such as the recently reported "DNA-dependent activator of IFN-regulatory molecule" (DAI) [@bib30], [@bib31].

2. Materials and methods {#sec1}
========================

2.1. Antigens {#section0010}
-------------

Lyophilized recombinant canarypox vector ALVAC-HIV, vCP1521 (Sanofi-Pasteur, Marcy l'Etoile, France) containing the gene for HIV-1 envelope gp120 (strain TH023) linked to the trans-membrane portion of HIV-1 gp41 (strain LAI) and the gene HIV-1 LAI *gag* encoding for the entire gag protein was used.

ALVAC was re-constituted in sterile 0.9% saline or medium prior to usage. All vaccines used in this study were GMP clinical grade and were verified to be free of lipopolysaccharide (LPS) and other impurities.

2.2. Preparation of MDDCs {#section0015}
-------------------------

Heparinized human blood was obtained from healthy donors from the French blood bank E.F.S. Rhone-Alpes. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation on a LymphoPrep gradient (Axis-Shield, Oslo, Norway). Monocytes were purified from total PBMCs by positive selection using CD14 magnetic beads (Miltenyi Biotec, Bergisch-Gladbach, Germany). To obtain immature DC, monocytes were cultured in RPMI supplemented with 10% FCS in presence of 50 ng/ml of GM-CSF and 10 ng/ml of IL-4 for 6 days. On day 6, the purity of the culture was analyzed by flow cytometry as percentage of CD11c positive cells and used for further experiments if it exceeded 80%.

2.3. Infection of DCs with ALVAC {#section0020}
--------------------------------

Immature DCs prepared as described above were cultured at 10^6^  cells/ml in RPMI supplemented with 10% FCS in the presence of ALVAC at 0.2 multiplicity of infection (MOI) or 10 μg/ml Poly (I:C) (Invivogen, San Diego, CA) and incubated at 37 °C for either 2, 6, 16, 24 or 48 h. ALVAC was left together with the DCs for the indicated times and was not washed out. When indicated 250 U of human Leukocyte Interferon (Hu-IFN-α and Hu-IFN-ω) (PBL Biomedical Laboratories), 5 μg/ml neutralizing interferon alpha/beta receptor chain 2 (CD118) human antibody (\#RDI-PB21385, Fitzgerald, Concord, MA) or 5 μg/ml non-neutralizing interferon alpha/beta receptor chain 2 antibody (\#RDI-PB31385 Fitzgerald) were added to the cultures during incubation time.

2.4. FACS analysis {#section0025}
------------------

Immature DCs were infected with ALVAC as described above or else incubated in the presence of 10 ng/ml LPS (Invivogen, Toulouse, France) as a positive control or left untreated as a negative control for 24 h. After the indicated times, DCs were washed once and resuspended in PBS with 2% FCS and 0.01% NaN~3~; then labeled with mAbs specific for CD11c (DAKO, Glostrup, Denmarkl), CD14, CD40, CD80, CD83, CD86, CD25, HLA-1, and HLA-DR (all purchased from BD Biosciences, Franklin Lakes, NJ). Cells were acquired and analyzed by flow cytometry using a FACSCalibur (BD Biosciences) and results analyzed using CellQuest Pro™ Software (BD Biosciences).

2.5. RNA isolation and oligonucleotide expression arrays {#section0030}
--------------------------------------------------------

Total RNA was isolated from immature DCs prepared as described above, using the Nucleospin RNA II Kit (Macherey Nagel, Dueren, Germany) according to the manufacturer\'s protocol. Briefly, 5 × 10^6^ MDDCs in 5 ml RPMI supplemented with 10% FCS, [l]{.smallcaps}-glutamine and penicillin/streptomycin were stimulated with 0.2 MOI ALVAC for 6 h. After 6 h cells were pelleted and washed twice with PBS. The cells were lysed in 350 μl RA1 lysis buffer from the Nucleospin II kit (Machery Nagel) supplemented with 3.5 μl of β-mercapto-ethanol. RNA was then eluted from the column using 60 μl RNAse-free H~2~O pre-warmed to 60 °C. The concentration and quality of the RNA was measured using a ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), respectively.

The Low RNA Input Fluorescent Linear amplification kit (Agilent Technologies) was used to generate cyanine 3- and cyanine 5-labeled complimentary RNA (cRNA). First, the total RNA was transcribed into cDNA using oligo dT-Promoter primer and MMLV-Reverse Transcriptase. Next, cRNA was synthesized from the double-stranded cDNA using T7 RNA polymerase, which simultaneously incorporates cyanine 3- or cyanine 5- labeled CTP (Perkin Elmer, Waltham, MA). Once labeling was complete, the labeled cRNA was purified with RNAeasy Mini Kit (Qiagen, Valencia, CA) following the manufacturer\'s protocol. Using the ND-1000 spectrophotometer (NanoDrop Technologies) the concentration and the amount of dye incorporated into the amplified cRNA were measured. After the purification of the labeled RNA, 1 μg of each of the differently labeled samples were combined, fragmented and subsequently hybridized to the whole human genome oligo-microarray slide (44 K, Agilent Technologies). Hybridization and washing of the slides were performed as described in the manufacturer\'s protocol (Agilent Technologies).

Slides were scanned using Scanner GenePix Personal 4100 (Axon Instrument, Union City, CA). Fluorescence intensity for each feature of the array was obtained using GenePix Pro v6.1 software. Rosetta Resolver (Rosetta Biosoftware, Seattle, WA) and Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA) software were used for further analysis.

Two dye-swapped hybridizations were performed for each donor. In one, the untreated sample was Cy3 labeled, and the ALVAC-infected sample was Cy5 labeled; in the second, labeling was reversed. Double labeling was used to abolish dye-specific labeling and hybridization differences.

2.6. RT-PCR {#section0035}
-----------

RNA was extracted from human MDDCs infected with ALVAC at MOI of 0.2 for 2, 6 or 16 h or stimulated with Poly I:C at 10 μg/ml, as described above. The reverse transcription (RT)-PCR analysis was carried out using the Super-Script II Reverse Transcriptase kit (Invitrogen). Briefly, first strand synthesis (cDNA) reaction mixture was incubated at 42 °C for 2 h. The following gene-specific primers were used for amplification: IFNβ sense 5′-GAT TCA TCT AGC ACT GGC TGG-3′, antisense 5′-CTT CAG GTA ATG CAG AAT CC-3′ (amplicon of 185 nt); b-actin sense 5′-ACA ATG AGC TGC GTG TGG CT-3′, antisense 5′-GAT GGG CAC AGT GTG GGT GA-3′ (amplicon of 223 nt). The RT-PCR reaction mixture contained: 1/10 of the cDNA, 100 nM of each primer, 1 U of Platinum Taq DNA Polymerase (Invitrogen), 200 mM dNTP mix, in 20 mM Tris--HCl (pH 8.4), 50 mM KCl, and 1.5 mM MgCl~2~ buffer in a final volume of 50 μl. The PCR was performed in an automated thermocycler (Perkin-Elmer Cetus, Norwalk, Conn.) under the following conditions: denaturing at 94 °C for 2 min, 35 amplification cycles, each consisting of three rounds at 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min and a final extension for 5 min at 72 °C. After the PCR amplification reaction, 20 μl of each reaction was loaded on 1.5% agarose gels in TAE buffer.

2.7. Immunoblotting {#section0040}
-------------------

Monocyte derived dendritic cells (MDDC) were generated as described above and after 6 days in culture were resuspended in RPMI supplemented with 10% FCS at a concentration of 1 × 10^6^  cells/ml. Cells were infected with 0.2 MOI ALVAC or 1000 U/ml human leukocyte interferon (hIFN-α and hIFNω) (PBL Biomedical Laboratories, New Brunswick, NJ) for 48 h at 37 °C. After incubation cells were lysed by addition of 1× lysis buffer (50 mM Tris--HCl, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, and protease inhibitors (source)). Cell debris was removed by centrifugation at 13,000 rpm for 5 min. SDS PAGE sample buffer (Bio-Rad Laboratories, Hercules, CA) was added to the protein extract which was then boiled for 5 min. Following separation of the whole cell extracts (2.5 × 10^6^ MDDC per lane) by reducing SDS-PAGE electrophoresis, samples were transferred to Hybond-PVDF (GE Healthcare, UK) and blocked with TBS containing 0.05% Tween-20 (Sigma--Aldrich, St. Louis, MO) and 5% skim milk (BD, Franklin Lakes, NJ) at room temperature (RT) for one hour. Membranes were washed and incubated overnight with anti-ISG15 polyclonal antibody (Cell Signaling Technology, Danvers, MA) at 4 °C or for 3 h at RT. Membranes were washed three times and incubated with secondary anti-rabbit-HRP antibody (GE Healthcare, UK) for 1 h at RT. Blots were developed using ECL Plus (GE Healthcare, UK). In order to verify equal protein loading, membranes were washed, blocked as described above and incubated for 3 h with anti-GAPDH (Abcam, Cambridge, UK) directly coupled to HRP.

2.8. Cytokine detection {#section0045}
-----------------------

Cell supernatants were collected after 48 h *in vitro* stimulation and frozen at −20 °C until analysis. Cytokines in the supernatants were quantified by sandwich ELISA following the manufacturers' protocols using the commercially available human CXCL10 DuoSet kit (R&D Systems, Minneapolis, MN), human IFN-α ELISA kit (PBL Biomedical Laboratories) or the human IFN-β ELISA Kit (Fujirebio Inc, Tokyo, Japan).

3. Results {#section0050}
==========

3.1. Maturation of human immature MDDCs upon exposure to ALVAC {#section0055}
--------------------------------------------------------------

Human immature MDDCs were obtained by culturing CD14 positive monocytes from PBMCs from healthy volunteers in the presence of GM-CSF and IL-4 for 6 days. Flow cytometric analysis was then performed to assess their purity and phenotype (positive for CD11c and negative for CD14) ([Fig. 1](#fig1){ref-type="fig"} A). To confirm that ALVAC induced DC maturation as previously described in human cells [@bib32] and in mouse bone marrow derived dendritic cells [@bib15] immature MDDCs were cultured for 24 h in the presence of ALVAC at a MOI of 0.2. Some prior dose response experiments using murine [@bib15] and human (data not shown) DCs have indicated that 0.2 MOI is an optimal dose for DCs stimulation with minimal cell death. DCs treated with LPS at 10 ng/ml or left untreated were used as positive and negative controls, respectively.Fig. 1Maturation of human immature MDDCs upon exposure to ALVAC. (A) Human immature MDDCs (CD11c+ and CD14−), obtained from CD14 purified monocytes upon 6-day culture with GM-CSF and IL-4, were stimulated for 24 h with ALVAC (0.2 MOI), LPS (10 ng/ml) or left untreated (indicated by color code). (B) Plots show super-imposition of the surface expression of each maturation marker relative to the Ab isotype control under the three experimental conditions (ALVAC, LPS or medium). ALVAC infection increased the expression of DC maturation-associated markers CD40, CD80, CD86, CD83, HLA-1 (MHC-I), HLA-DR (MHC-II) on the surface of human MDDC. However, in contrast to LPS, ALVAC failed to up-regulate the CD25 marker.

As expected, ALVAC induced the up-regulation of maturation-associated surface markers: CD40, CD80, CD83, CD86, HLA-1 and HLA-DR although to a lesser extent than the positive control, LPS ([Fig. 1](#fig1){ref-type="fig"}B). Surprisingly, in contrast to LPS stimulation ALVAC failed to induce the expression of CD25, a molecule recently shown to be important for DC mediated T cell activation and IL-2 production [@bib33].

3.2. Global gene expression in ALVAC treated versus untreated human MDDCs {#section0060}
-------------------------------------------------------------------------

A kinetic study was conducted in order to determine the optimal time point(s) after ALVAC infection for gene expression analysis. Immature MDDCs from a single donor were infected with ALVAC at 0.2 MOI for 2, 6 or 16 h and gene expression evaluated by microarray analysis (data not shown). Since the number of differentially regulated genes was highest at 6 h post-infection, this time point was chosen for further experiments in MDDCs. In addition, minimal viral cytopathic effects were expected to occur at this early time point as was reported by Guerra et al. for MVA and NYVAC poxvirus vectors [@bib34].

RNA was isolated from ALVAC-treated or untreated MDDCs from four different healthy volunteers upon 6 h of infection, and then transcribed into labeled complimentary RNA as described in Section [2](#sec1){ref-type="sec"}. Differentially labeled samples, to distinguish between cRNA from treated and untreated cells, were combined and hybridized to a 60-mer oligomer microarray slide, which represent 41,000 unique human genes and transcripts. A minimum of ±1.5-fold change in expression and a *p*-value of less than 0.05 were the criteria used to select for differentially regulated genes. Under these conditions, a total of 1433 differentially up-regulated and 1044 differentially down-regulated genes were identified. Extensive variation in the number of up- and down-regulated genes was observed among the four donors. Therefore, we focused our analysis on those genes differently regulated in all four donors, referred to as 'core-regulated genes'. As shown in [Fig. 2](#fig2){ref-type="fig"} , 123 core-up-regulated genes were identified ([Fig. 2](#fig2){ref-type="fig"}A), in contrast, no core-down-regulated genes were found ([Fig. 2](#fig2){ref-type="fig"}B). Therefore, we did not further investigate down-regulated genes in the present study.Fig. 2Venn diagram showing the overlap between 1433 differentially up-regulated (A) and 1044 differentially down-regulated genes (B) in ALVAC infected MDDCs from four independent healthy donors. Each of the four circles represents the set of genes differentially expressed in each donor (fold increase \>±1.5, *p* \< 0.05). Numbers depicted in the intersections between the circles represent numbers of genes differentially up-regulated in two, three or four donors. (C) Ontology analysis of the genes differently regulated in response to ALVAC relative to untreated cells. In the bar chart, the *Y*-axis represents the significance threshold of a given gene involved in a particular function.

Using Ingenuity Pathway Analyzer, 104 over the 123 core-up-regulated genes were recognized as known genes and classified according to their molecular function (selection shown in [Table 1](#tbl1){ref-type="table"} ). Sixty-five (65) of them were incorporated into networks on the basis of the molecular interaction information found within the Ingenuity Pathways Knowledge Base. In decreasing order of magnitude, the biological functions they belonged to were: (1) immune response; (2) viral function; (3) cell death; (4) cellular growth and proliferation; (5) cellular motility; and (6) gene expression ([Fig. 2](#fig2){ref-type="fig"}C). The majority of the genes identified were associated with more than one biological function. Of these 65 genes, 25 (∼1/3) were involved in the immune response. As shown in [Table 1](#tbl1){ref-type="table"}, the list of immune-related genes include chemokines (e.g. CXCL10, CCL2, and CCL8), anti-viral proteins (e.g. Mx1, Mx2, OAS1), interferon responsive genes (IRF1, IRF7, IFI6, IFI44, ISG15, etc.), Myd88 (adaptor of TLR signaling), TAP1 (antigen processing,) and STAT1 (interferon signaling), among many others (see complete list in [Supplementary Data](#app1){ref-type="sec"}).Table 1Selection of core-up-regulated genes in human MDDCs in response to ALVACGenBank IDCommon nameDescriptionFold change[a](#tbl1fn1){ref-type="table-fn"}Standard deviationCytokines [M24545](M24545)CCL2Chemokine (C--C motif) ligand 23.78±2.87 [NM_005623](NM_005623)CCL8Chemokine (C--C motif) ligand 817.17±19.02 [NM_001565](NM_001565)CXCL10Chemokine (C--X--C motif) ligand 108.06±1.97 [NM_005746](NM_005746)PBEF1Pre-B-cell colony enhancing factor 12.37±1.14 [NM_005746.1](NM_005746.1)PBEF1Pre-B-cell colony enhancing factor 12.41±1.11 [U57059](U57059)TNFSF10Tumor necrosis factor (ligand) superfamily, member 108.84±5.21  Transcriptional regulators [NM_020740](NM_020740)ANKFY1Ankyrin repeat and FYVE domain containing 12.05±0.22 [BC006322](BC006322)ATF3Activating transcription factor 34.10±1.61 [NM_138456.2](NM_138456.2)BATF2Basic leucine zipper transcription factor, ATF-like 25.53±2.30 [BC020597](BC020597)GTF2BGeneral transcription factor IIB1.78±0.26 [U82811](U82811)HESX1Homeobox, ES cell expressed 17.79±4.81 [AY358248](AY358248)MAML2Mastermind-like 2 (*Drosophila*)2.15±0.69 [NM_012385](NM_012385)P8Nuclear protein 13.00±2.08 [NM_002675](NM_002675)PMLPromyelocytic leukemia2.77±0.95 [NM_006074](NM_006074)TRIM22Tripartite motif-containing 223.78±2.27 [NM_021035](NM_021035)ZNFX1Zinc finger, NFX1-type containing 12.12±0.43 [NM_181782](NM_181782)NCOA7Nuclear receptor coactivator 72.53±0.79 [NM_080424](NM_080424)SP110SP110 nuclear body protein4.71±2.34  ISGylation and ubiquitinylation [NM_017414](NM_017414)USP18Ubiquitin specific peptidase 1810.67±4.22 [AJ586979](AJ586979)USP41Ubiquitin specific peptidase 413.26±1.45 [BC007922](BC007922)ISG20Interferon stimulated exonuclease gene 20 kDa5.66±3.44 [NM_016323](NM_016323)HERC5Hect domain and RLD 516.79±12.97 [NM_017912](NM_017912)HERC6Hect domain and RLD 64.47±2.21 [NM_005101](NM_005101)G1P2ISG15 ubiquitin-like modifier10.07±4.05 [X02492](X02492)G1P3Interferon, alpha-inducible protein 63.62±2.29  Interferon inducible and anti-viral genes [X67325](X67325)IFI27Interferon, alpha-inducible protein 276.97±6.63 [NM_005532](NM_005532)IFI27Interferon, alpha-inducible protein 2710.18±12.10 [BC022870](BC022870)IFI44Interferon-induced protein 448.73±2.45 [NM_006820](NM_006820)IFI44LInterferon-induced protein 44-like11.41±7.01 [BC032839](BC032839)IFIT2Interferon-induced protein with tetratricopeptide repeats 277.00±16.52 [NM_001547](NM_001547)IFIT2Interferon-induced protein with tetratricopeptide repeats 221.30±1.76 [NM_001549](NM_001549)IFIT3Interferon-induced protein with tetratricopeptide repeats 326.33±6.67 [U34605](U34605)IFIT5Interferon-induced protein with tetratricopeptide repeats 53.50±0.86 [NM_012420](NM_012420)IFIT5Interferon-induced protein with tetratricopeptide repeats 53.40±0.89 [J04164](J04164)IFITM1Interferon-induced trans-membrane protein 1 (9--27)5.47±4.83 [NM_021034](NM_021034)IFITM3Interferon-induced trans-membrane protein 3 (1--8 U)3.27±2.18 [BC009483](BC009483)IRF1Interferon regulatory factor 12.29±0.31 [NM_004031](NM_004031)IRF7Interferon regulatory factor 74.83±0.52 [NM_139266](NM_139266)STAT1Signal transducer and activator of transcription 1, 91 kDa3.37±1.69 [BC038247](BC038247)TRIM25Tripartite motif-containing 253.17±1.12 [X04371](X04371)OAS12′,5′-Oligoadenylate synthetase 1, 40/46 kDa4.22±1.67 [NM_016817](NM_016817)OAS22′-5′-Oligoadenylate synthetase 2, 69/71 kDa3.70±1.20 [NM_006187](NM_006187)OAS32′-5′-Oligoadenylate synthetase 3, 100 kDa7.16±2.86 [NM_003733](NM_003733)OASL2′-5′-Oligoadenylate synthetase-like9.60±2.89 [BC032602](BC032602)MX1Myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 (mouse)8.64±2.58 [M30818](M30818)MX2Myxovirus (influenza virus) resistance 2 (mouse)9.35±4.10 [NM_002463](NM_002463)MX2Myxovirus (influenza virus) resistance 2 (mouse)4.21±1.26 [BC002666](BC002666)GBP1Guanylate binding protein 1, interferon-inducible, 67 kDa5.52±2.73 [NM_002053](NM_002053)GBP1Guanylate binding protein 1, interferon-inducible, 67 kDa6.56±5.15 [AL832576](AL832576)GBP4Guanylate binding protein 44.68±3.51 [NM_080657](NM_080657)RSAD2Radical S-adenosyl methionine domain containing 213.83±10.25  RNA helicases [AF038963](AF038963)DDX58Dead (Asp-Glu-Ala-Asp) box polypeptide 58/RIG-112.81±7.30 [AF095844](AF095844)IFIH1Interferon-induced with helicase C domain 1/MDA-55.09±2.25 [BC040851](BC040851)EIF2AK2Eukaryotic translation initiation factor 2-alpha kinase 2/PKR4.50±2.10 [AK021416](AK021416)LGP2Likely ortholog of mouse D11lgp23.43±1.60  Miscellaneous immune system [NM_002468.2](NM_002468.2)MYD88Myeloid differentiation primary response gene (88)2.14±0.53 [BC014081](BC014081)TAP1Transporter 1, ATP-binding cassette, sub-family B (MDR/TAP)2.31±0.67 [BC007037](BC007037)CD69CD69 molecule2.96±0.71 [NM_002127](NM_002127)HLA-GHLA-G histocompatibility antigen, class I, G1.80±0.18 [AK122586](AK122586)SIGLEC1Sialic acid binding Ig-like lectin 1, sialoadhesin3.94±3.29[^1]

3.3. ALVAC induces a type I interferon pattern gene expression {#section0065}
--------------------------------------------------------------

Inducible interferon regulatory factor 7 (IRF7) was significantly increased (+4.8 mean fold change, [Table 1](#tbl1){ref-type="table"}) in human MDDCs from all four donors upon ALVAC infection. Inducible interferon regulatory factor 7, together with IRF3, the latter constitutively expressed in the majority of cell types, are key regulators of type I interferon (IFN) gene expression in response to pathogen associated molecular patterns (PAMPs) via either the trans-membrane Toll Like Receptor (TLR) or the cytosolic pattern-recognition systems [@bib31]. Activation of IRF3 and IRF7 (the latter constitutively present only in small amounts) occurs through phosphorylation and formation of homo- and heterodimers. These dimers translocate into the nucleus where they promote IFN-α- and -β gene transcription ([Fig. 3](#fig3){ref-type="fig"} ). Following the activation of IFNR1 and IFNR2 receptors by secreted IFNs, the expression of IRF7 and other molecules such as RIG-1 and MDA-5 as well as type I IFNs themselves are induced in a positive-feedback loop that amplifies this signaling pathway.Fig. 3Proposed model of ALVAC induction of the type I IFN pathway in MDDCs (left side) and representation of type I IFN responsive gene expression levels from microarray analysis (right side). (Left side) We propose that ALVAC is detected by a cytoplasmic dsDNA sensor which leads to the phosphorylation of IRF3 via TBK1. Phosphorylated IRF3 homodimerizes or heterodimerizes with IRF7 and migrates to the nucleus where it directly induces the expression of IFN-α/β, CXCL10 and ISG15 among others. In a positive feedback loop type I IFNs induce gene expression of IRF7, MDA-5, RIG-1, etc. (Right side) Two-dimensional hierarchical clustering was performed using Rosetta Resolver System Software. Columns represent gene expression data for four distinct donors from an individual experiment. The intensity of the color red indicates the degree of up-regulation, genes which did not meet the required *p*-value of 0.05 are colored in grey.

Surprisingly, the up-regulation of IFN-β gene expression was observed only in two of the four donors while IFN-α expression was not up-regulated in the MDDCs of any donor included in the microarray analysis. When tested by reverse-transcripase PCR (RT-PCR) IFN-β was expressed at the highest level after 16 h of ALVAC infection in accordance with the positive-feedback loop ([Fig. 4](#fig4){ref-type="fig"} ). Neither IFN-α nor IFN-β were detected in the supernatants of ALVAC infected MDDCs by ELISA (detection level ∼15 pg/ml). To explain this observation, it should be considered that IFN-α subtype expression is cell-type, donor and stimuli dependent and that not all the subtypes (13 in humans) were represented on the microarray chip (IFN-α subtypes present on the microarray chip: 2, 4, 5, 6, 8, 10, 14, and 21). Furthermore, MDDCs are known to be poor producers of type I IFNs, these are mainly secreted by plasmacytoid DCs and their precursors [@bib35]. Therefore, the levels of type I IFNs in the supernatants might be below the detection limit of the assays used.Fig. 4Enhanced IFNβ gene transcription in ALVAC infected human MDDCs. MDDCs were incubated as indicated for 2, 6 or 16 h (Donor 1) or 16 h (Donor 5) with either medium alone or ALVAC at a MOI of 0.2 or Poly I:C at 10 μg/ml as a positive control as indicated. Amplification of the IFNβ and β-actin encoding genes was performed by RT-PCR as described in Section [2](#sec1){ref-type="sec"}. A band of the expected size of 185 nt was detected in MDDCs upon ALVAC infection and Poly I:C stimulation. Under the current experimental conditions IFNβ gene transcription in MDDCs was evident after 6 h exposure to ALVAC (right figure, Donor 1).

Our observation that signaling molecules downstream of the IFN receptor such as STAT1 and IRF9 (the latter in three donors) were up-regulated by ALVAC infection of MDDCs is consistent with the hypothesis that ALVAC triggers the type I IFN signaling pathway. Furthermore, IFN responsive genes such as positive regulators RIG-1, MDA-5 and IRF7 and anti-viral proteins OAS, Mx, ISG15 and PKR (indicated as red squares in [Fig. 3](#fig3){ref-type="fig"}) were among the genes up-regulated in response to ALVAC.

3.4. ALVAC induces production of CXCL10 {#section0070}
---------------------------------------

Among the immune response-related genes up-regulated by MDDCs in response to ALVAC infection several encoded for chemokines such as CXCL10 (IP-10), CCL2 (MCP-1) and CCL8 (MCP-2). To determine if the strong up-regulation of CXCL10 transcription by ALVAC (+8.06-fold, [Table 1](#tbl1){ref-type="table"}) correlated to its expression at the protein level, the secretion of CXCL10 into the culture supernatants of ALVAC stimulated MDDCs was evaluated. Human MDDCs were incubated for 48 h with ALVAC at a MOI of 0.2, subsequently the supernatants were collected and the concentration of CXCL10 was measured by ELISA. In accordance with the enhanced gene transcription, MDDCs released high amounts of CXCL10 in response to ALVAC ([Fig. 5](#fig5){ref-type="fig"} ). These results confirm our previous findings in the mouse model, in which high levels of CXCL10 secretion by bone marrow derived dendritic cells in response to ALVAC was observed [@bib15]. In addition, this finding supports the hypothesis that ALVAC activates an IRF3-mediated signaling pathway, as the activated form of IRF3 directly targets CXCL10 gene transcription [@bib31], [@bib36].Fig. 5Secretion of CXCL10 by ALVAC infected human MDDCs. MDDCs were incubated for 48 h in the presence or absence of ALVAC, recombinant IFN-α, neutralizing IFN antibody or control antibody as indicated in the figure. Supernatants were collected and levels of CXCL10 were quantified by ELISA. Results are expressed as mean concentration ± standard error and are representative of three independent experiments. Infection of MDDCs with the viral vector ALVAC induced secretion of CXCL10 that was partially inhibited by anti-type I IFN receptor antibody. As expected the non-neutralizing anti-type I IFN receptor antibody used as negative control had no effect on CXCL10 release.

3.5. CXCL10 secretion is partially blocked by type I IFN receptor neutralizing antibody {#section0075}
---------------------------------------------------------------------------------------

Next, the role of type I IFNs on the responses elicited by MDDCs upon ALVAC infection, such as the CXCL10 release, was investigated. As shown in the [Fig. 5](#fig5){ref-type="fig"} MDDCs infected with ALVAC in the presence of the anti-IFN type I receptor neutralizing antibody secreted significantly lower levels of CXCL10 than either MDDCs infected with ALVAC alone or ALVAC in the presence of the non-neutralizing anti-IFN type I receptor antibody. Interferon alpha induced release of CXCL10 by MDDCs at a lesser extent than ALVAC and this secretion was completely blocked by the neutralizing anti-IFN type I receptor antibody. These findings strongly argue in favor of the release of type I IFNs in this system which could not be detected in the ELISA experiments. Therefore, these results support a key role for type I IFN in the amplification of CXCL10 secreted by MDDCs in response to ALVAC infection, in accordance with the proposed mechanism of action ([Fig. 3](#fig3){ref-type="fig"}).

3.6. Genes encoding for ISG15 and its conjugating and deconjugating enzymes are up-regulated in ALVAC infected MDDCs {#section0080}
--------------------------------------------------------------------------------------------------------------------

ISG15, which belongs to the ubiquitin-like protein modifier family together with its deconjugating (USP18/UBP43) and conjugating (Herc5/UBE1L) enzymes [@bib37], [@bib38] were found to be consistently highly up-regulated (ISG15, 10-fold on average) in ALVAC treated MDDCs ([Table 1](#tbl1){ref-type="table"}). Interferon via an IRF3 mediated pathway strongly activates the production of free ISG15 as well as protein ISGylation, which is the conjugation/deconjugation of ISG15 to target proteins via specific enzymes (UBP43 and UBE1L; whose expression is also regulated by type I IFN). Although, the functional consequences of ISGylation are not yet completely understood, there is increasing evidence to suggest a role in innate anti-viral responses [@bib39], [@bib40]. The free form of ISG15 has been described as an interferon-induced cytokine with immunoregulatory properties [@bib27], [@bib28]. Considering the potential role of ISG15 in the IFN mediated innate anti-viral response, we further analyzed the effect of ALVAC on this interferon responsive gene in MDDCs. We evaluated the induction of ISG15 in MDDCs following ALVAC infection at the protein level by Western blot analysis. Human MDDCs were cultured in the presence of 0.2 MOI ALVAC or human leukocyte interferon (IFN-α and IFN-ω), as positive control, for 48 h, then cells were harvested, lysed and subjected to SDS-PAGE and subsequently analyzed by Western blot. A band of 15 kDa, corresponding to the expected size of the free form of ISG15, was detected in the ALVAC as well as in the IFN treated MDDCs but not in the untreated MDDCs. Equal protein loading was verified by blotting the same membrane for the housekeeping gene GAPDH ([Fig. 5](#fig5){ref-type="fig"}). This data confirmed the induction of ISG15 in response to ALVAC at the protein level. Further analyses will establish if ISG15 is also released into the supernatant thereby influencing other cell types.

4. Discussion {#section0085}
=============

In order to optimize the benefit of prophylactic or therapeutic immunization strategies, particularly those targeting cancer or viral infections, vaccines need to be able to induce and sustain cellular immune responses. ALVAC, a recombinant canarypox virus, is considered to be a good candidate vaccine vector with the potential to meet this need. ALVAC vaccine constructs can induce specific cellular and humoral immune responses against multiple pathogens and have a good safety profile [@bib41]. Moreover, several canarypox virus recombinant vaccines are licensed for veterinary use [@bib42]. ALVAC can be engineered to encode different foreign antigens and in contrast to vaccinia virus vectors, the problem of pre-existing immunity to the vector is circumvented. In addition to the antigen carrier function, it has also been reported that ALVAC itself exerts an adjuvant effect when administered with recombinant protein antigens in mice [@bib14], [@bib15]. This property is most likely linked to the stimulation of the innate immune system by ALVAC virus infection. Innate immunity is initiated by cells sensing foreign molecules known as "pathogen associated molecular patterns" (PAMP) through pattern-recognition receptors (PRR). Two classes of PRRs have been identified [@bib31], [@bib43], the trans-membrane PRRs, including the TLRs and some scavengers or lectin-like receptors and the cytosolic PRRs, including NOD and RIG-1 among others. Toll-like receptors sense bacterial or viral PAMPS and lead to secretion of pro-inflammatory cytokines via the NF-kB signaling pathway and for some TLRs (TLR3, TLR7/9) secretion of type I IFN via the IRF3/IRF7 signal transducers [@bib31]. In the cytoplasm, the Nod-like receptors detect intracellular bacterial PAMPs, while RIG-1 and MDA-5 detect virus-derived RNA leading to activation of IFR3/IRF7 and NF-κB signaling cascades [@bib43]. The existence of cytoplasmic dsDNA sensors has been long suspected since some DNA viruses, replicating in the cytoplasm, are able to induce type I interferon responses. Recently, Toneguchi and co-workers discovered the first cytosolic dsDNA sensor DAI (DLM-1/ZBP1), ligation of which leads to type I IFN gene induction through IRF3 and IRF7 and independently from TLR activation [@bib30].

While, we have evidence that ALVAC triggers the innate immune response [@bib14], [@bib15], the specific pathways downstream of ALVAC infection have not yet been elucidated. Several recent papers have demonstrated that attenuated strains of vaccinia virus (MVA and NYVAC) trigger both the TLR-dependent and TLR-independent signaling pathways eliciting pro-inflammatory cytokines and type I IFNs [@bib34], [@bib44]. In this study, we analyzed the gene profile of human MDDC following ALVAC infection to determine the innate pathway preferentially induced by this virus vector. Dendritic cells were selected since they are permissive to ALVAC infection [@bib32] and crucial in orchestrating immune responses [@bib45].

The majority of genes up-regulated by ALVAC belong to the type I IFN pathway. Interaction between IFNs and their receptors (IFNR1 and IFNR2) promotes activation of the ISG3 signal transducer, a heterotrimer composed of STAT1, STAT2 and IRF9. Once ISG3 translocates to the nucleus, this complex activates the transcription of IRF7, MDA-5 and RIG-1 genes, all of which contribute to the positive feedback regulation of the IFN pathway. We found that the transcription of STAT1, IRF7, MDA-5 and RIG-1 was up-regulated in response to ALVAC. In addition, the expression of the interferon inducible and anti-viral genes OAS, PKR, Mx and ISG15 was enhanced following ALVAC infection of MDDCs. However, genes involved in the NF-κB signaling cascade were not found to be up-regulated in human MDDC upon ALVAC infection. In the light of these results, we propose that ALVAC, a dsDNA virus that resides in the cytoplasm of the cell, induces an interferon-mediated innate immune response in an IRF3/IRF7 dependent and TLR-independent way through recognition by a cytosolic dsDNA sensing PRR, such as the recently reported DAI molecule [@bib30].

The up-regulation of CXCL10 and ISG15 transcription and protein expression, two molecules directly regulated by IRF3 (outlined in [Fig. 3](#fig3){ref-type="fig"}), following ALVAC infection of human MDDC is consistent with our hypothesis. Furthermore, the fact that ALVAC infected MDDCs secreted reduced levels of CXCL10 in the presence of neutralizing type I IFN-receptor antibody suggests a primary effect of ALVAC and a secondary effect of type I IFNs on MDDCs, thereby supporting the proposed model. CXCL10 (IP-10), is a chemotactic factor for T cells [@bib46] and NK cells [@bib47] expressing CXCR3 receptor. Recent studies with CXCL10 neutralizing antibodies or CXCL10 deficient mice demonstrated that the absence of functional CXCL10 resulted in increased mortality and reduced T cell infiltration in the brains of mice intracerebrally infected with a murine coronavirus, illustrating the importance of this chemokine in co-coordinating a protective immune response against a viral pathogen [@bib48], [@bib49], [@bib50]. In addition, CXCL10 release might attract NK cells to DC rich areas bringing them in close contact and thereby triggering a downstream T~H~1 response by secreting IFNγ [@bib51]. Here, we have demonstrated that human MDDCs secrete high levels of CXCL10 following incubation with ALVAC, thus confirming our microarray results, as well as data obtained *in vivo* in mice following ALVAC injections [@bib15].

ISG15, is an ubiquitin-like protein modifier whose gene expression is induced by several stimuli, besides IRF3, type I interferon (ISG15 is one of the earliest ISGs induced), LPS, retinoic acid, campothecin and radiation [@bib52]. The conjugation of ISG15 to intracellular protein targets is a reversible process controlled by a conjugating enzyme and a deconjugating enzyme, UBE1L and UBP43, respectively. Both enzymes are induced by type I interferon. Currently about 200 ISGylated proteins have been identified, among them IFN-α/β-induced anti-viral proteins, such as PKR, MxA, HuP56, and RIG-1 [@bib40], [@bib53]. The effect of ISGylation on protein function, distribution or stability is not yet fully understood. However, accumulating evidence, including the ability of many viruses to either inhibit the production of free ISG15 or the formation of ISG15 conjugates, indicates an anti-viral role for this protein [@bib26], [@bib26], [@bib40], [@bib53]. The free form of ISG15 has been described as an interferon-induced cytokine with immunoregulatory properties [@bib27], [@bib28]. Human lymphocytes and monocytes release ISG15 into culture medium following *in vitro* stimulation with IFN-β and free ISG15 has been detected in the serum of IFN-β-treated patients [@bib28]. Furthermore, it has been shown that recombinant ISG15 stimulates IFN-γ production by CD3^+^ lymphocytes and increase proliferation of CD56^+^ NK cells [@bib27]. We show here, for the first time, that ALVAC infection of human MDDCs induced gene expression of ISG15 and both its conjugating and deconjugating enzymes. Furthermore, we demonstrate that the protein expression of ISG15 is enhanced in ALVAC infected MDCCs by Western blot analysis ([Fig. 6](#fig6){ref-type="fig"} ).Fig. 6Protein expression of ISG15 in MDDCs upon ALVAC exposure. MDDCs were stimulated with 0.2 MOI ALVAC or 1000 U/ml human leukocyte interferon (IFN-α and IFN-ω) for 48 h, harvested, lysed and subjected to SDS-PAGE. Expression of ISG15 was analyzed using anti-ISG antibody. Equal loading was confirmed by re-probing blots with an antibody against GAPDH. One representative result of three experiments is shown.

While, our microarray data failed to show the up-regulation of IFN-α, we detected enhanced IFN-β expression in two of four donors. Recent data suggest that the expression of the different IFN-α subtypes (13 in human) is cell-type and stimulus specific [@bib28]. The fact that not all IFN-α subtypes were represented on the microarray chip may explain the lack of IFN-α gene up-regulation observed in the microarray data. However, the secretion of type-I IFN by ALVAC infected DCs was indirectly demonstrated by the reduced capacity of these cells to secrete CXCL10 in the presence of a type I IFN-receptor neutralizing antibody ([Fig. 5](#fig5){ref-type="fig"}). Surprisingly, MyD88 gene transcription was also up-regulated by ALVAC in all four donors. The adaptor molecule MyD88 is essential for all TLR signaling leading to the production of pro-inflammatory cytokines (except TLR3) and is also required for TLR 7 and 9 signaling resulting in type I interferon secretion [@bib43], [@bib54]. Since we found no evidence for enhanced pro-inflammatory cytokine gene transcription following ALVAC infection upon analysis of our microarray results and type I interferon MyD88-mediated secretion via TLR7/9 does not involve IRF3 activation, the MyD88 induction might be attributed to other functions rather than the adaptor one [@bib54]. This study confirms that ALVAC infection induces the maturation of MDDCs [@bib15], [@bib17], [@bib55]. However, we made the additional observation that as opposed to LPS stimulation, ALVAC induced lower levels of co-stimulatory molecules and failed to up-regulate CD25 which has been demonstrated to be essential for DC mediated T cell activation and IL-2 secretion [@bib33]. These results suggest that ALVAC does not induce full DC maturation. The consequences of this finding on the activation of the specific T cell response against ALVAC encoded antigens were not investigated in the present study. This is of great interest and will be subject of further research.

Overall our results highlight the ability of the recombinant canarypox viral vector ALVAC to induce a type I interferon-mediated innate anti-viral immune response in human MDDCs possibly through the cytosolic pattern-recognition system. Recently, Nociari et al. and Waibler et al. reported similar results with two other dsDNA vectors, Adenovirus vector [@bib56] and modified vaccinia virus Ankara vector MVA [@bib57], respectively. The stimulation of the innate immune response is essential to develop an effective acquired immune response against the foreign encoded antigens. Our findings offer new insight in the design of more effective ALVAC-vectored vaccines.
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[^1]: The fold change represents the mean of four different donors.
